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 The albumin/globulin proteome of the Chinese elite cultivar Xiaoyan 6 was studied.  
 144 proteins differentially expressed during grain development were identified by 
MS.  
 More than 80% of the proteins were enzymes involved in nine functional categories.  
 Transcript profiles were developed for 18 genes and compared with protein profiles. 
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 2 
Proteome Dynamics of albumins and globulins during grain development of elite Chinese 26 
wheat cultivar Xiaoyan 6 were studied. A total of 210 differentially expressed protein spots 27 
were recognized by two-dimensional differential gel electrophoresis (2D-DIGE) and 146 of 28 
these that represented 89 unique proteins were identified by MALDI-TOF mass spectrometry. 29 
Four proteins expression patterns were observed across five grain developmental stages. 30 
Among the identified proteins, more than 80% were enzymes in eight functional categories, 31 
including carbohydrate metabolism (27%), protein metabolism (27%), 32 
stress/defense/detoxification (11%), cell metabolism (6%), transcription/translation (4%), 33 
nitrogen metabolism (4%), photosynthesis (4%), and signal transduction (1%). Quantitative 34 
real-time polymerase chain reaction (qRT-PCR) analysis of 18 representative genes 35 
demonstrated that about two thirds of the genes displayed different expression profiles 36 
between the transcriptional and translational stages. 37 
 38 
Keywords: Proteome; Albumins; Globulins; 2D-DIGE; Gene expression 39 
40 
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1. Introduction 41 
Wheat is one of the most important grain crops in the world for human food and livestock 42 
feed. The proteins in wheat grain can be divided into albumins, globulins, gliadins and 43 
glutenins. It is well known that gliadins and glutenins, the major storage proteins in wheat 44 
endosperm, confer the viscoelastic properties of dough that are essential for making bread, 45 
pasta, noodles, and other food products. Albumins and globulins in wheat grains are soluble 46 
proteins and most of them are various enzymes that play important roles in plant growth and 47 
development. The compositions of amino acids in albumins and globulins are relatively well 48 
balanced for human nutrition with a high level of essential amino acids for humans, including 49 
threonine, lysine and tryptophan. (Wiesner et al., 1980). Certain high molecular weight 50 
(HMW) albumins also have characteristics of storage proteins and therefore are closely 51 
related to wheat quality attributes including grain hardness, dough rheological properties, and 52 
bread volume (Higgins, 1984).
  
53 
Triticum aestivum L. (Bread wheat) is a hexaploid (AABBDD genome) species containing 54 
large genome and proteome. The development of wheat grain involves a complex gene 55 
network that regulates protein expressions and generally undergoes three distinct phases: cell 56 
division and differentiation, grain fill, desiccation, and maturation (Wan et al., 2008). In 57 
recent years, considerable research has been carried out to understand the wheat grain 58 
proteome, including developing grains (Vensel et al, 2005; Hurkman et al., 2009; Gao et al., 59 
2009; Nadaud et al., 2010), endosperm amyloplasts (Balmer et al., 2006; Dupont, 2008), 60 
kernel aleurone layer (Meziani et al., 2012) and grain storage proteins (Dupont et al., 2011). 61 
Particularly, some quality-related albumins and globulins were identified (Gao et al., 2009).  62 
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 4 
The elite Chinese bread wheat cultivar Xiaoyan 6, released in 1980, has many outstanding 63 
characteristics, such as high yield, superior quality, high resistance to biotic and abiotic stress 64 
and extensive adaptability. It has been widely cultivated in the main wheat growing regions of 65 
China in the past 30 years with the cultivated area exceeding 670,000 ha each year (Li et al., 66 
1990). It is frequently used as a parental line in wheat breeding program of China. In this 67 
study, we conduct a dynamic proteomic analysis to investigate the grain albumin and globulin 68 
synthesis and accumulation features during different developmental stages of Xiaoyan 6.  69 
2. Materials and Methods 70 
2.1 Plant materials 71 
Bread wheat cultivar Xiaoyan 6 was planted during the 2010-2011 growing season at the 72 
Beijing experimental station of the Chinese Academy of Agricultural Science (CAAS). 73 
According to the method of Majoul et al. (2004), grain samples from five developmental 74 
stages were harvested during the post-anthesis period corresponding to the cumulative 75 
average daily temperatures of I (48.5
o
C, 7 days post-anthesis-DPA), II (244.5
o
C, 12 DPA), III 76 
(347
o
C, 16 DPA), IV (448
o
C, 21 DPA) and V (751
o
C, 33 DPA). All samples were stored at 77 
-80
o
C prior to analysis.  78 
2.2 Scanning electron microscopy (SEM) of endosperm  79 
Grain endosperms sampled during five developmental stages were kept in a solution 80 
containing 44.5% ethanol, 1.85% methanol and 6% glacial acetic acid for at least 24 h, then 81 
transferred into 70% ethanol and stored at 4
o
C prior to analysis. Samples were dehydrated 82 
sequentially in ethanol solutions of various concentrations including 70% (15 min), 80% (15 83 
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 5 
min), 90% (overnight) and 100% (15 min). After dehydration, samples were treated in 15 min 84 
steps in ethanol and isoamyl acetate mixtures with sequential ratios of 3:1, 1:1 and 1:3, and 85 
then soaked in isoamyl acetate for 80 min. Finally, after critical point drying, the seeds were 86 
cut into half length transversely which were vertical and parallel to the ventral side. A 87 
scanning electronic microscope (SEM) S-4800 FESEM (Hitachi, Japan) was used to examine 88 
the seed sample. 89 
2.3 Protein preparation 90 
Grains from the middle parts of wheat ears were ground to fine powder in liquid nitrogen 91 
using a mortar and pestle. Samples of 200 mg were used to extract proteins by following the 92 
method outlined by Gao et al (2009). Protein concentrations were determined with a 93 
2D-Quant-Kit (GE Healthcare, USA). 94 
2.4 Protein labeling 95 
Samples with protein concentrations of 5-8 μg/μl were adjusted to pH 8.0-9.0 and 96 
separately labeled with CyDyes
TM
 (GE Healthcare, USA). Equal amounts (50 µg) of samples 97 
per gel were labeled with 400 pmol freshly dissolved Cy3 and Cy5 and the sample mixture 98 
labeled with Cy2 was used as the internal standard. The design of 2D-DIGE experiments was 99 
shown in Supplemental Table 1. Proteins in each sample were minimally labeled with CyDye 100 
incubated on ice for 30 min in the dark, and the reaction was quenched with 1 μL of 10 mM 101 
lysine (Sigma, USA) by incubation for 10 min on ice. Then three labeling samples were 102 
combined together. Equal volumes of 2×sample buffer (7 M urea, 2 M thiourea, 4% CHAPS, 103 
2% DTT, 1.8% pH 3-10 IPG buffer, 0.004% bromphenol blue) were added to samples which 104 
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 6 
were left on ice for 10 min. Rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS, 0.002% 105 
bromphenol blue) containing 1% DTT and 0.9% pH 3-10 IPG buffer (GE Healthcare, USA) 106 
was then added to bring volumes to 450 µl for IEF. The entire process was conducted in 107 
darkness. 108 
2.5 2D-DIGE 109 
IEF was performed with the Ettan IPG-phor system (GE Healthcare, USA) in immobiline 110 
pH gradient DryStrips (GE Healthcare, pH 3-10, 24 cm, USA). IPG strips were rehydrated at 111 
30 V for 12 h, and then 1 h 300 V, 1 h 500 V, 1 h 1000 V, 1 h 3000 V, and finally 8000 V for 112 
80 kVh at 20
o
C with a maximum 50 µA per strip. After IEF, the IPG strips were equilibrated 113 
in equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 1% DTT 114 
and 0.002% bromophenol blue) for 15 min, and then treated for another 15 min with the same 115 
buffer containing 4% iodoacetamide instead of DTT. For the second-dimension, the 116 
equilibrated strip was placed at the top of 12% SDS-polyacylamide gels and sealed with 0.5% 117 
agarose. The 2-D SDS-PAGE was performed at 2 W per gel at 15
o
C on Ettan Dalta tanks (GE 118 
Healthcare, USA) until the bromophenol blue front had reached the bottom of the gel. The 119 
entire process was performed in theunder dark. Proteins of 750 µg extracted from each sample 120 
were run separately on conventional 2-DE gels as described above in order to ensure adequate 121 
amounts of proteins from individual spots for protein identifications. The gels were stained 122 
with colloidal Coomassie Brilliant blue G-250 (CBB) (Sigma, USA). 123 
2.6 Image analysis 124 
The gel image analysis was performed by following Gao et al. (2009). Protein spots with 125 
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 7 
statistically significant 2-fold or greater differences in abundance between samples were 126 
determined with Student’s t-test (p<0.05). Spots of interest were excised from gels for MS 127 
analysis. 128 
2.7 Protein identification through mass spectrometry 129 
The in-gel protein digestion steps followed the procedures described by Gao et al. (2009). 130 
Enzyme trypsin was purchased from Promega, Madison, WI, USA. MALDI mass spectra 131 
were acquired on a MALDI-TOF mass spectrometer (SM, Shimadzu Biotech, Kyoto, Japan). 132 
For protein spots that were not identified by MALDI-TOF-MS, further determinations were 133 
performed with a MALDI-TOF/TOF mass spectrometer 4800 Proteomics Analyzer (Applied 134 
Biosystems, Framingham, MA, USA). Proteins were identified by searching against the NCBI 135 
non-redundant (NCBInr) databases using the MASCOT (http://www.matrixscience.com) 136 
search engine.  The following parameters were used: for the database search, 0.2 and 0.3 Da 137 
were used as the mass error tolerances for MS and MS/MS, respectively, and one missed 138 
cleavage site was allowed. All searches were evaluated based on the significant scores 139 
obtained from MASCOT; a match was considered to be significant when a Protein Score C. I. 140 
was above 95% (protein score over 65) and a significance threshold of p<0.05 for the MS. 141 
The proteins with Protein Score C. I.% and Total Ion Score C. I.% all above 95% were 142 
identified as the creditable results for the MS/MS. 143 
2.8 Quantitative real-time polymerase chain reaction (qRT-PCR) 144 
After harvest, wheat grains were ground into fine powder in liquid nitrogen and then 145 
incubated in 1 ml TRIzol reagent (Invitrogen). Total RNA was extracted according to the 146 
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 8 
manufacturer's instructions with an additional chloroform extraction. Genomic DNA was 147 
removed by digesting each sample (10 μg of total RNA) with Rnase-free DNaseI (Promega) 148 
according to the manufacturer’s instructions. After digestion, 4 μl of RNA sample was heated 149 
at 72°C for 10 min, first-strand cDNA was synthesized in a 20 μl volume containing 0.5 μl 150 
AMV reverse transcriptase (Promega), 0.5 μl RNase inhibitor (Promega), 1 μl oligo dT + 151 
Random primers primer, 2 μl dNTP mixture, 4 μl MgCl2 (25mM), 2 μl 10×reverse 152 
transcriptase buffer and 4 μl heat treated RNA sample. Finally, the reaction mixture was 153 
incubated at 42°C for 60 min. 154 
Gene-specific primers were designed using Primer 5.0, and their specificities and 155 
amplification efficiencies were checked by observing the melting curves of the RT-PCR 156 
products. qRT-PCR was performed in 25 μl containing 12.5 μl 2×SYBR® Premix ExTaq™ 157 
(TaKaRa), 1 μl 50-fold diluted cDNA, 0.15 μl of each gene-specific primer and 11.2 μl 158 
ddH2O. The PCR conditions were: 95°C for 3 min, 45 cycles of 15 s at 95°C, 57°C for 15 s 159 
and 72°C for 20s. Three replicates were performed for each sample. Reactions were 160 
conducted on a CFX96 Real-Time PCR Detection System (Bio-Rad). All data were analyzed 161 
with CFX Manager Software (Bio-Rad).  162 
3. Results and Discussion 163 
3.1 SEM analysis of developing grains 164 
SEM analysis of changes in grain development in Xiaoyan 6 is shown in Figure 1. In 165 
general, grain size increased gradually along with grain development (Fig. 1a). Grain starch is 166 
deposited as discrete and water-insoluble semi-crystalline granules in plastids. Two types of 167 
starch granules are present in wheat endosperm, namely large type A-granules with diameters 168 
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 9 
greater than 10 μm and smaller type B-granules with diameters less than 10 μm. A-granules 169 
are formed 4-14 days post-anthesis (DPA) whereas B-granules are initiated at 10-16 DPA 170 
(Stamova et al., 2009).
 
As shown in Fig. 1b and 1c, increasing accumulations of starch 171 
granules along with advancing seed development was observed. The A granules were 172 
observed at 7 DPA and underwent rapid enlargement by 12 DPA, consistent with observations 173 
by Hayashi et al. (2005).
 
The B granules were initiated at about 12 DPA, but without distinct 174 
increases in size from 12 to 33 DPA. This suggests that the rapid increase and accumulations 175 
of A and B starch granules mainly occur in the early stages of grain development, especially 176 
around 12 DPA.  177 
3.2 Protein expression profiles during grain development 178 
Differentially expressed proteins during five grain development stages were identified by 179 
2D-DIGE (Supplemental Table 1 and Figure 1). In general, the numbers of most albumins and 180 
globulins were up-regulated at the early stages and then down-regulated towards grain 181 
maturity. However, the protein spots were unevenly distributed in different development 182 
stages. In the first development stage, the majority of proteins were concentrated in the region 183 
pH 4-7, whereas in the later development stages, proteins mostly appeared in the basic region. 184 
In stages II, III and IV, the expression profiles of albumins and globulins appeared to be 185 
similar and protein spots were evenly distributed across the whole gel (Figure 2).  186 
3.3 Proteins differentially expressed at different developmental stages 187 
Among the 210 protein spots with at least 2-fold differences in abundance, a total of 37 188 
and 109 spots were identified by MALDI-TOF MS and MALDI-TOF/TOF-MS, respectively 189 
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 10 
(Supplemental Table 2 and 3). In general, four major expression patterns were present in 190 
differentially expressed proteins among the five grain development stages (Figure 3). These 191 
were confirmed visually with enlarged gel images and 3-D views of corresponding spots by 4 192 
representative proteins (triticin precursor, UTP-glucose-1-phosphate uridyltransferase, TPA: 193 
TPA_inf: WRKY transcription factor 59 and glutathione transferase F5). The relative 194 
expression level (%Vol) of all 2-fold differentially expressed protein spots was shown in 195 
Supplemental Table 4. 196 
3.4 Functional classifications of identified proteins 197 
As shown in Supplemental Table 2, the 146 identified differentially expressed protein 198 
spots represented 89 unique proteins, and more than 80% of them were various enzymes with 199 
different physiological functions. They were classified into nine functional categories (Fig. 4): 200 
carbohydrate metabolism (27%), protein metabolism (27%), stress/defense/detoxification 201 
(11%), cell metabolism (6%), transcription/translation (4%), nitrogen metabolism (4%), 202 
photosynthesis (4%), signal transduction (1%) and unknown proteins (16%). Furthermore, 203 
proteins related to carbohydrate metabolism contained six subcategories: alcoholic 204 
fermentation, glycolysis, sugar conversion, starch synthesis, TCA pathway and lipid and sterol 205 
metabolism. Those involved in cell metabolism were further classified into three 206 
subcategories: ATP interconversion, cell division and cytoskeleton, whereas those related to 207 
protein metabolism were grouped into three subcategories: protein turnover, proteolysis and 208 
storage protein (Supplemental Table 2). 209 
3.5 Carbohydrate metabolism-related proteins 210 
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The main functions of central carbon metabolism (glycolysis, TCA cycle) during plant 211 
development are to provide the energy needed for plant growth and development. In our study, 212 
formate dehydrogenases related with alcoholic fermentation (spots 86, 88, 92 and 103) 213 
displayed higher expression levels from 12 to 16 DAF. This is similar to previous reported 214 
results in rice (Xu et al., 2008) where proteins involved in alcoholic fermentation showed 215 
little change from 6 to 12 DAF, but were thereafter up-regulated in grain filling. A high 216 
expression level of proteins relevant to alcoholic fermentation is important for maintaining 217 
glycolysis at a stable level.
 
 218 
The expression of aconitate hydratase (spots 172 and 173) showed a continuous 219 
down-regulation during grain development. The inhibition of aconitate hydratase may result 220 
in substantial inhibition of adenosine triphosphate ( TP) generation by interference with 221 
oxidations involving the tricarboxylic acid cycle (Graham et al., 1964).
 
This implies that TCA 222 
cycles are intense during the early stages of grain development, but along with the reaction 223 
proceeding, the accumulation of citric acid continuously increases until it reaches a stable 224 
level, subsequently resulting in a decreased expression of aconitate hydratase. 225 
UTP-glucose-1-phosphate uridylyltransferase (UGPase, spots 32) is the cytosolic enzyme 226 
involved in starch synthesis (Stamova et al., 2009), which catalyzes reverse reactions between 227 
UDP-glucose and UTP to provide energy for plant development. The energy demand will 228 
decrease with grain ripening, so will the expression level of UGPase. This may explain why 229 
the expression level of UGPase was high in stage I but was down-regulated at later 230 
developmental stages, which is similar to the expression pattern of the GalU gene (Stamova et 231 
al., 2009).
 
Sucrose synthase is important for metabolite homeostasis and timing of seed 232 
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development, and the sucrose/hexose ratio is related with carbon partitioning and amounts of 233 
storage compounds in Arabidopsis (Angeles-Núñez and Tiessen, 2010). An early report 234 
showed that, during the later phases of pod development, the content of UGPase was 235 
decreased and the carbon metabolite had shifted from sucrose to starch (Singal et al., 1993).  236 
Glucose-1-phosphate adenylyltransferase (ADP-glucose pyrophosphorylase/AGPase) is a 237 
major rate-limiting enzyme in starch biosynthesis in plants. Its activated state is correlated 238 
with the level of storage starch in sink tissues, and thus influences overall crop yield potential. 239 
Our results demonstrated that two glucose-1-phosphate adenylyltransferase large subunits 240 
(spots 180 and 194) were down-regulated with their highest expression levels appearinged at 241 
stages I-III, corresponding to the period of rapid starch granule and grain enlargement as 242 
shown in Figure 1. Similar results for glucose-1-phosphate adenylyltransferase were also 243 
found in wheat endosperm amyloplasts during grain development (Dupont, 2008).
 
244 
ADP-glucose pyrophosphorylase is comprised of two small and two large subunits and has 245 
plastidial and cytosolic isoforms (Kang et al., 2010). The large subunit’s main function is to 246 
modify the regulatory properties of the small subunit (Salamone et al., 2002).  247 
Beta-amylase is considered to have important roles in carbohydrate metabolism, 248 
glycosidases, hydrolases, and polysaccharide degradation. In particular, it is involved in starch 249 
degradation and sugar transport from chloroplasts (Sparla et al., 2006). In maize, the activity 250 
of beta-amylase increases in the early stages of grain development and then decreases as the 251 
caryopsis becomes mature (Lauriere et al., 1992). 252 
3.6 Protein metabolism-related proteins 253 
  Triticin is an important non-prolamin belonging to a class of minor storage proteins and its 254 
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 13 
coding genes are located on the short arms of chromosomes 1A, 1B and 1D (Singh et al., 255 
1993).
 
The cDNA sequence of triticin showed that triticin is rich in a ten amino acid motif 256 
including lysine in its hypervariable region; the nutrient quality can be improved if tricitin is 257 
expressed redundantly in diploid wheat or related species (Garg et al., 2007). In the current 258 
study, triticin appears to be most abundant in the late stages of grain development. The 259 
increasingly up-regulated expression of triticin precursor (spot 97) during grain development 260 
might be useful for improving grain nutrient quality.  261 
Spots 9 and 120 (gi|13925728) were identified as protein disulfide isomerase 3 precursor, 262 
spot 121 (gi|13925726) was protein disulfide isomerase 2 precursor, and spot 122 263 
(gi|48093451) was protein disulfide isomerase. All four protein spots were up-regulated 264 
during grain development and reached their maximum expression levels at stage III and IV. 265 
Protein disulfide isomerases (PDIs) are a series of enzymes present in the endoplasmic 266 
reticulum and periplasmic spaces of eukaryotes. During the protein folding process, disulfide 267 
bonds catalyze and generate cysteine residues or hydrolyze wrong connections (Gleiter and 268 
Bardwell, 2008). PDIs have a specific function as molecular chaperones, which ensure correct 269 
folding conformations. Oxidative PDIs catalyze the formation of disulfide bridges and prevent 270 
PDI and Ero1 from being re-oxidized. PDIs have the ability to change disulfide bonding 271 
through post-translational modifications; such changes can appear in cells, leading to new 272 
arrangements of single disulfide bonds in the proteins thus influencing their secondary 273 
structures (Mandel et al., 1993). PDI is also the composing part of 4-hydroxylase whose 274 
precursor catalyzes hydroxylation of proline in procollagen and promotes lipids to form 275 
lipoproteins. When 4-hydroxylase precursor disappears, the isomerase ability of PDI is lost 276 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 14 
(Freedman et al., 1994).
 
Thus, some PDIs can be modified by activation of specific kinases 277 
(Kulkarni et al., 2011). Our results indicated that, as the grain matures, PDI precursor 3 (Spot 278 
9) undergoes down-regulation, indicating that protein processing and folding is completed 279 
prior to the later period of grain development.  280 
3.7 Transcription and translation related proteins 281 
   WRKY, related to transcription and translation, is a relatively complex transcripition 282 
factor family in plants and its structural domain has a highly conserved N-terminus. The 283 
WRKY family are involved in responses to biotic and abiotic stresses of plants as well as in 284 
fruit development. Expression of some members is also involved in leaf senescence 285 
(Robatzek and Somssich, 2001).
 
In the current work, transcription factor WRKY 59 (spot 41) 286 
displayed an up- then down-regulated expression pattern during grain development. WRKY 287 
protein decreased to a low level at grain development stage V when most leaves were 288 
senesced and the grain development was almost complete.  289 
Three protein spots were identified as 27K protein which is an allergen (Supplemental 290 
Table 2). They were up-regulated during grain development and reached their maximum 291 
expression levels at stage III (spot 64) or stage IV (spot 68, 78). It was believed that 292 
tri-snRNP-specific 27K protein is involved in SR protein-mediated protein-protein 293 
interactions. In addition, 27K protein contains 203 amino acids with 9 cysteine residues 294 
(Flæte et al., 2005). Cys changes protein structure by transforming disulfide bonds of 295 
protein-protein and protein interiors, contributing to isomerization. Gao et al. (2009) 296 
demonstrated that 27K protein had a higher expression level in the grains of superior quality 297 
cultivar Sunstate than in poorer quality cultivar Jing 411. It is likely that the higher expression 298 
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level of 27K protein could have a positive effect on flour quality. 299 
3.8 Cell and nitrogen related proteins 300 
ATP synthesizing enzyme mainly occurs on the inner membrane of the mitochondrion and 301 
catalyzes ATP synthesis through α, β, γ, δ, and ε,α and β subunits dominate the hydrolysis of 302 
ATP. The high specificity of the contact points in ATP hydrolysis makes it bind with three 303 
precise sites of the β subunit and it is incompatible with the α subunit. In the present study, α 304 
(spot 25) and β (spot 28) subunits of ATP synthesizing enzymes were down-regulated during 305 
the grain filling stages with almost no expression in stage V, indicating ATP decline with grain 306 
ripening. Chen et al. (2009) showed that β-subunits of mitochondrial ATP synthase in rice 307 
were down-regulated and induced programmed cell death under salt stress. Expression of 308 
these proteins may be related to cell apoptosis and cell skeleton. Thus, cell activities gradually 309 
decreased along with the completion of grain development.  310 
Four proteins (aspartate aminotransferase, methionine synthase, glutathione transferase F5 311 
and putative alanine aminotransferase) related to nitrogen metabolism (Supplemental Table 2), 312 
displayed down-regulated expression patterns, indicating that their expressions were 313 
negatively correlated with protein accumulation. Glutathione transferases (GSTs) are one kind 314 
of multigene family enzymes with detoxification abiliies, and they exist in all eukaryotes and 315 
some bacteria. Through catalyzing a methylation reaction between electrophilic reagents and 316 
glutathione, they detoxify endogenous and exogenous toxins (Habig et al., 1974). Although 317 
the expression of glutathione transferase F5 (spot 148) was down-regulated in stages I and II, 318 
it appeared to be slightly up-regulated in the last three stages (Figure 3), which might be 319 
helpful in fighting various stresses during these periods.  320 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 16 
3.9 Transcriptional expression analysis by qRT-PCR 321 
 Since wheat grains in stage V were approaching maturity, the transcriptional expression 322 
profiles of 18 representative genes from stages I to IV were investigated by different 323 
qRT-PCR primers (Supplemental Table 5). According to the proteomic analysis results, these 324 
protein genes appeared to be important for grain development. In addition, their gene 325 
sequences are available in GenBank so that specific PCR primers can be designed. As shown 326 
in Figure 5, various transcript profiles were presented which are similar to previous reports 327 
(Altenbach et al., 2004; McIntosh et al., 2007; Wan et al., 2008). The expression levels of 328 
genes related to the accumulation of stored nutrition increased gradually along with the grain 329 
maturity. The expressions of beta amylase and serpin genes which were relevant to starch 330 
synthesis and proteolysis were constantly up-regulated, which is similar to the results of 331 
McIntosh et al. (2007). However, beta-tubulin, ribulose-1, 5-bisphosphate carboxylase 332 
oxygenase small subunit and ribulose 1, 5-bisphosphate carboxylase large subunit genes were 333 
down-regulated with advancing grain development. These genes were mainly involved in cell 334 
division and photosynthesis. Peroxidase 1, 27K protein, aspartate aminotransferase, cytosolic 335 
3-phosphoglycerate kinase and formate dehydrogenase genes displayed up-regulated 336 
expression patterns and reached their maximum expression levels at II or III stage, consistent 337 
with the report of Altenbach et al. (2004), in which the transcript abundance involving signal 338 
transduction, protein synthesis and metabolism occurred at 7-20 DPA. In addition, the 339 
expression of five genes (ATP synthase beta subunit, glyceraldehyde-3-phosphate 340 
dehydrogenase, cytosolic malate dehydrogenase, HSP70 and protein disulfide isomerase) 341 
were down-regulated and decreased to the lowest levels at stage III, while actin, 342 
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glucose-1-phosphate adenylyltransferase large subunit and small subunit ADP glucose 343 
pyrophosphorylase showed an expression pattern of a broken line. Laudencia-Chingcuanco et 344 
al. (2007) found that gene transcript accumulation occurred at 3-7, 7-14 and 21-28 DPA with 345 
different functions. Thus, these genes with various transcript expression profiles may play 346 
important roles in different grain developmental process. 347 
The transcriptional expressions of 7 of the selected genes (beta amylase, serpin, 27K 348 
protein, aspartate aminotransferase, formate dehydrogenase, peroxidase 1 and beta-tubulin) 349 
were consistent with their protein expression patterns whereas the other 11 genes showed low 350 
correlation between the transcriptional and translational levels. As a result, only 38.9% 351 
consistency between gene transcription and protein expression was observed in the current 352 
study. This was generally consistent with previous reports that low matching level was 353 
observed between the transcription and the translation levels (Zhang et al., 2010). This poor 354 
correspondence might havebe mainly resulted from timing differences between mRNA and 355 
protein expressions during grain development as well as various post-translational 356 
modifications, such as protein phosphorylation and glycosylation. 357 
Acknowledgements 358 
We are grateful to Professor Robert McIntosh, University of Sydney for constructive 359 
suggestions in reviewing the manuscript. This research was financially supported by grants 360 
from the National Natural Science Foundation of China (30830072, 31101145), the Chinese 361 
Ministry of Science and Technology (2009CB118303) and the National Key Project for 362 
Transgenic Crops of China (2011ZX08009-003-004 and 2011ZX08002-004). 363 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 18 
References  364 
Altenbach, S.B., Kothari, K.M., 2004. Transcript proﬁles of genes expressed in endosperm 365 
tissue are altered by high temperature during wheat grain development. Journal of Cereal 366 
Science 40, 115-126. 367 
Angeles-Núñez, J. G., Tiessen, A., 2010. Arabidopsis sucrose synthase 2 and 3 modulate 368 
metabolic homeostasis and direct carbon towards starch synthesis in developing seeds. 369 
Planta 232, 701–718. 370 
Balmer, Y., Vensel, W.H., DuPont, F.M., Buchanan, B.B., Hurkman, W.J., 2006. Proteome of 371 
amyloplasts isolated from developing wheat endosperm presents evidence of broad 372 
metabolic capability. Journal of Experimental Botany 57, 1591–1602. 373 
Chen, X., Wang, Y., Li, J. Y., Jiang, A. L., Cheng, Y. W., Zhang, W., 2009. Mitochondrial 374 
proteome during salt stress-induced programmed cell death in rice. Plant Physiology and 375 
Biochemistry 47, 407–415. 376 
Dupont, F. M., 2008. Metabolic pathways of the wheat (Triticum aestivum) endosperm 377 
amyloplast revealed by proteomics. Biomed Central (BMC) Plant Biology 8, 1471–2229. 378 
Dupont, F.M., Vensel, W.H., Tanaka, C.K., Hurkman, W.J., Altenbach, S.B., 2011. 379 
Deciphering the complexities of the wheat flour proteome using quantitative 380 
two-dimensional electrophoresis, three proteases and tandem mass spectrometry. 381 
Proteome Science 9, 10. 382 
Flæte, N.E.S., Hollung, K., Ruud, L., Sogn, T., Færgestad, E. M., Skarpeid, H. J., Magnus, E. 383 
M., Uhlen, A. K., 2005. Combined nitrogen and sulphur fertilisation and its effect on 384 
wheat quality and protein composition measured by SE-FPLC and proteomics. Journal of 385 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 19 
Cereal Science 41, 357–369. 386 
Freedman, R. B., Hirst, T. R., Tuite, M. F., 1994. Protein disulfide isomerase: building 387 
bridges in protein folding. Trends in Biochemical Sciences 19, 331–336. 388 
Gao, L., Wang, A., Li, X., Dong, K., Wang, K., Appels, R., Ma, W, Yan, Y., 2009. Wheat 389 
quality related differential expressions of albumins and globulins revealed by 390 
two-dimensional difference gel electrophoresis (2-D DIGE). Journal of Proteomics 73, 391 
279–296. 392 
Garg, M., Rao, Y. S., Goyal, A., Singh, B., 2007. Variation in seed storage protein-triticin 393 
among diploid Triticum and Aegilops species. Biotechnology 6, 444–446. 394 
Gleiter, S., Bardwell, J. C., 2008. Disulfide bond isomerization in prokaryotes. Biochimica et 395 
Biophysica Acta 1783, 530–534. 396 
Graham, J. S. D., Morton, T. R. K., Raison, J. K., 1964. The in vivo uptake and incorporation 397 
of radioisotopes into proteins of wheat endosperm. Australian Journal of Biological 398 
Sciences 17, 102–114. 399 
Habig, W. H., Pabst, M. J., Jakoby, W. B., 1974. Glutathione S-Transferases: the first 400 
enzymatic step in mercapturic acid formation. The Journal of Biological Chemistry 249, 401 
7130–7139. 402 
Hayashi, M., Kiribuchi-Otobeb, C., Seguchi, M., 2005. Ghosts of B-type wheat starch 403 
granules in concentrated KI/I2 solution. Starch 57, 384–387. 404 
Higgins, T.J.V., 1984. Synthsis and regulation of major protein in seed. Annual Review of 405 
Plant Physiology 35, 191–221. 406 
Hurkman, W.J., Vensel, W.H., Tanaka, C.K., Whitehand, L., Altenbach, S.B., 2009. Effect of 407 
high temperature on albumin and globulin accumulation in the endosperm proteome of the 408 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 20 
developing wheat grain. Journal of Cereal Science 49, 12–23. 409 
Kang, G. Z., Zheng, B. B., Shen, B. Q., Peng, H. F., Guo, T. C., 2010. A novel Ta.AGP.S.1b 410 
transcript in Chinese common wheat (Triticum aestivum L.). Comptes Rendus Biologies 411 
333, 716–724.  412 
Kulkarni, S. D., Muralidharan, B., Panda, A. C., Bakthavachalu, B., Vindu, A., Seshadri, V., 413 
2011. Glucose-stimulated translation regulation of insulin by the 5' UTR-binding 414 
proteins. The Journal of Biological Chemistry 286, 14146–14156. 415 
Laudencia-Chingcuanco, D.L., Stamova, B.S., You, F.M., Lazo, G.R., Beckles, D.M., 416 
Anderson, O.D., 2007. Transcriptional profiling of wheat caryopsis development using 417 
cDNA microarrays. Plant Molecular Biology 63, 651-668. 418 
Lauriere, C., Doyen, C., Thevenot, C., Daussant, J., 1992. Beta-amylases in cereals: a study of 419 
the maize beta-amylase system. Plant Physiology 100, 887–893. 420 
Li, W., Li Z., Mu S., 1990. A Cytological study of chromosomal structure changes in a 421 
common wheat variety, Xiaoyan No. 6. Acta Genetica Sinica 17, 430–437. 422 
Majoul, T., Bancel, E., Triboi, E., Hamida, J. B., Branlard, G., 2004. Proteomic analysis of 423 
the effect of heat stress on hexaploid wheat grain: Characterization of heat responsive 424 
proteins from non-prolamins fraction. Proteomics 4, 505–513. 425 
Mandel, J. S., Bond, J. H., Church, T. R., Snover, D. C., Bradley, G. M., Schuman, L. M., 426 
Ederer, F., 1993. Reducing mortality from colorectal cancer by screening for fecal occult 427 
blood. Minnesota Colon Cancer Control Study. The New England Journal of Medicine 428 
328, 1365–1371. 429 
McIntosh, S., Watson, L., Bundock, P., Crawford, A., White, J., Cordeiro, G., Barbary, D., 430 
Rooke, L., Henry, R., 2007. SAGE of the developing wheat caryopsis. Plant 431 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 21 
Biotechnology Journal 5, 69-83. 432 
Meziani, S., Nadaud, I., Gaillard-Martinie, B., Chambon, C., Benali, M., Branlard, G., 2012. 433 
Proteomic analysis of the mature kernel aleurone layer in common and durum wheat, 434 
Journal of Cereal Science DOI: 10.1016/j.jcs.2012.01.010. 435 
Nadaud, I., Girouss, C., Debiton, C., Chambon, C., Bouzidi, M. F., Martre, P., Branlard, G., 436 
2010. Proteomic and morphological analysis of early stages of wheat grain development. 437 
Proteomics 10, 2901–2910. 438 
Robatzek, S., Somssich, I. E., 2001. A new member of the Arabidopsis WRKY transcription 439 
factor family, AtWRKY6, is associated with both senescence-and defense-related 440 
processes. Plant Journal 28, 123–133. 441 
Salamone, P. R., Kavakli, I. H., Slattery, C. J., Okita, T. W., 2002. Directed molecular 442 
evolution of ADP-glucose pyrophosphorylase. Proceedings of the National Academy of 443 
Sciences, USA 99, 1070–1075. 444 
Singal, H. R., Laura, J. S., Singh, R., 1993. Photosynthetic carbon reduction cycle metabolites 445 
and enzymes of sucrose and starch biosynthesis in developing Brassica pods. Indian 446 
Journal of Biochemistry & Biophysics 30, 270–276. 447 
Singh, N. K., Donovan, G. R., Langridge, P., 1993. Isolation and characterization of wheat 448 
triticin cDNA revealing a unique lysine rich repetitive domain. Plant Molecular Biology 449 
22, 227-237. 450 
Sparla, F., Costa, A., Schiavo, F. L., Pupillo, P., Trost, P., 2006. Redox regulation of a novel 451 
plastid-targeted β-amylase of Arabidopsis. Plant Physiology 141, 840–850.  452 
Stamova, B. S., Laudencia-Chingcuanco, D., Beckles, D. M., 2009. Transcriptomic analysis 453 
of starch biosynthesis in the developing grain of hexaploid wheat. 2 International Journal 454 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 22 
of Plant Genomics 1155, 407–426. 455 
Vensel, W.H., Tanaka, C.K., Cai, N., Wong, J.H., Buchanan, B.B., Hurkman, W.J., 2005. 456 
Developmental changes in the metabolic protein profiles of wheat endosperm. Proteomics 457 
5, 1594–1611. 458 
Wan, Y., Poole, R.L., Huttly, A.K., Toscano-Underwood, C., Feeney, K., Welham, S., 459 
Gooding, M.J., Mills, C., Edwards, K.J., Shewry, P.R., Mitchell, R.A., 2008. 460 
Transcriptome analysis of grain development in hexaploid wheat. BMC Genomics 9, 461 
121. 462 
Wiesner, H., Seilmeier, W., Belitz, H. D., 1980. Vergleichende untersuchungen uber partielle 463 
aminosauresequenzen von prolaminen und glutelinen verschriedener getreidearten. Z. 464 
Zeitschrift für Lebensmittel-Untersuchung und -Forschung 170, 17–26. 465 
Xu, S., Li, T., Deng, Z., Chong, K., Xue, Y., Wang, T., 2008. Dynamic proteomic analysis 466 
reveals a switch between central carbon metabolism and alcoholic fermentation in rice 467 
filling grains. Plant Physiology 148, 908–925. 468 
Zhang, A., Lu, Q., Yin, Y., Ding, S., Wen, X., Lu, C., 2010. Comparative proteomic analysis 469 
provides new insights into the regulation of carbon metabolism during leaf senescence of 470 
rice grown under field conditions. Journal of Plant Physiology 167, 1380–1389. 471 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 23 
Figure legends: 
Figure 1. SEM profiles and grain development and at five developmental stages (I, II, 
III, IV and V) in cultivar Xiaoyan 6. 
a: Grain development at the five stages 
b: SEM images of transverse sections  
c: SEM images of vertical sections  
A and B starch granules are indicated. 
Figure 2. Proteome maps of wheat albumins and globulins from five developmental 
stages of Xiaoyan 6. Protein samples (750 µg) extracted from five 
developmental stages (A, stage I; B, II; C, III; D, IV; and E, V) were separated 
on standard preparative 2-DE gels stained with CBB. Differentially expressed 
protein spots are numbered on gel images. 
Figure 3. Four main protein expression profiles (a) and functional distributions of 
identified differentially expressed proteins (b) during grain development in 
Xiaoyan 6. Expression profiles in 3-D and their graphical views of triticin 
precursor (A & E), UTP-glucose-1-phosphate uridyltransferase (B & F), TPA: 
TPA_inf: WRKY transcription factor 59 (C & G), glutathione transferase F5 
(D & H).  
Figure 4. Functional distributions of identified differentially expressed proteins at 
five grain developmental stages of bread wheat cultivar Xiaoyan 6.  
Figure 5. Transcriptional expression analysis of 18 representative protein genes 
during grain development (stages I - IV) in Xiaoyan 6 through qRT-PCR. 
A. Beta amylase; B. Serpin; C. Beta-tubulin; D. Ribulose-1, 5-bisphosphate 
carboxylaseoxygenase small subunit; E. 27K protein; F. Aspartate 
aminotransferase; G. Cytosolic 3-phosphoglycerate kinase; H. Formate 
dehydrogenase; I. Heat shock protein 70; J. Peroxidase 1; K. Ribulose 1, 
5-bisphosphate carboxylase large subunit; L. ATP synthase beta subunit; M. 
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Glyceraldehyde-3-phosphate dehydrogenase; N. Cytosolic malate 
dehydrogenase; O. Protein disulfide isomerase; P. Actin; Q. 
Glucose-1-phosphate adenylyltransferase large subunit, chloroplast precursor; 
R. Small subunit ADP glucose pyrophosphorylase.  
 
Supplemental Figure 1: Images from the 2D-DIGE analysis of albumins and 
globulins in developing seeds from from five developmental stages of Xiaoyan 
6. (A) Labeled proteins visualized for all fluorescence. (B) Mixed equal 
amounts of all proteins as the internal standard labeled with Cy2 (blue). (C) 
Protein sample from III-2 of Xiaoyan 6 labeled with Cy3 (green). (D) Protein 
sample from IV-1 of Xiaoyan 6 labeled with Cy5 (red). Samples were 
electrofocused on a 24 cm pH 3-10 linear IPG strip and separated by 
SDS-PAGE performed on 12% polyacrylamide gels. 
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